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Pyramidal neurons in the cortex require the master kinase LKB1 for early axon specification.
Courchet et al. now uncover a later role for LKB1 and its tango with the downstream effector kinase
NUAK1 in controlling terminal axonal branching through influencingmitochondrial motility in axons.Axons ensure neuronal communication
through establishment of synaptic con-
tacts with postsynaptic neurons. They
emerge through a multistep process
during development, initiated by a phase
of neuronal polarization during which
axonal and dendritic specification occurs.
Nascent axons subsequently pathfind
toward their targets, guided by interac-
tions between neuronal identity and extra-
cellular cues. It is, however, once the
target area is close that real business
starts. The next steps define with whom
axons can form long-lasting relationships
and who is outside their interaction range.
The elaboration of terminal axonal arbors
during development sets the stage for
targeting correct synaptic partners, a
crucial process dictating the confines of
later functionality of neuronal circuits. In
this issue of Cell, Courchet et al. (2013)
make important progress in the identifica-
tion of the molecular cascades involved
in terminal axon arborization in cortical
neurons.
Previous work demonstrated a key role
for the tumor suppressor and serine/thre-
onine kinase LKB1 in axon specification of
cortical neurons (Barnes et al., 2007;
Shelly et al., 2007), an effect mediated
by the direct downstream target kinases
SAD-A/B (Barnes et al., 2007; Kishi
et al., 2005). Because cerebral cortical
progenitors lacking LKB1 expression
generate axon-free neurons, it was, how-
ever, not possible to assess whether the
master kinase LKB1 and downstream ef-
fectors exhibit additional roles in neuronal
differentiation. A hint that this is an inter-
esting avenue to pursue came from an
early observation in C. elegans in whichmutation of Sad-1 kinase interferes with
synaptic differentiation (Crump et al.,
2001).
Courchet et al. (2013) make use of
conditional mouse genetics and in utero
electroporation to eliminate LKB1 expres-
sion developmentally later than at cortical
progenitor stages. They establish that
the LKB1-SAD-A/B kinase pathway is
only needed for axonal polarization during
a brief time period, but later elimination
does not affect or reverse this crucial
differentiation step. Postmitotic LKB1
ablation reveals striking axonal outgrowth
and arborization phenotypes in cortical
pyramidal neurons. The two phenomena
can be disentangled and are independent
of SAD-A/B activity, however, raising
the important question of whether there
might be other LKB1 effector kinases
responsible for mediating these biological
activities.
AMP-activated protein kinase (AMPK)
is the founding member for kinases
phosphorylated by LKB1, but 12 more
possible downstream kinases, including
SAD-A/B, were identified through homol-
ogy searches and biochemical assays
(Lizcano et al., 2004). Courchet et al.
(2013) wade through some of the other
family members and provide convincing
evidence that NUAK1 kinase is the key
link to LKB1 in the command line to axonal
outgrowth and branching. Elimination of
either LKB1 or NUAK1 in early postmitotic
neurons leads to indistinguishable pheno-
types, but several other downstream ki-
nases tested do not substitute for NUAK1.
What might be the cellular and molecu-
lar mechanism(s) by which NUAK1 regu-
lates axon branching? Whereas axonalCell 15microtubule dynamics and synaptic
vesicle trafficking were not affected in
postmitotic LKB1 or NUAK1 mutant neu-
rons analyzed by time-lapse imaging,
Courchet et al. (2013) found dramatic
effects on mitochondrial dynamics under
these same conditions. LKB1 and
NUAK1 depletion revealed a significant
increase inmobilemitochondria, a pheno-
type reminiscent of previous observations
in neurons isolated from mice mutant in
the mitochondria and microtubule-asso-
ciated protein syntaphilin (Kang et al.,
2008). Although Courchet et al. (2013) do
not establish a direct molecular link
between NUAK1 and syntaphilin, the
authors demonstrate that syntaphilin
overexpression in LKB1 mutant neurons
rescues mitochondria dynamics and,
more importantly, axonal branching.
Moreover, mitochondria immobilization
does not follow a random pattern, but
LKB1-NUAK1 kinases are necessary and
sufficient for enriched mitochondrial cap-
ture to nascent presynaptic sites along
axons, demonstrating the high spatial
specificity of this mechanism.
The findings shed light on an intriguing
intracellular pathway playing an important
role in the regulation of axonal growth and
branching in cortical neurons during
development. The master upstream ki-
nase LKB1 plays a role in cortical neuron
differentiation at several steps, and it
does so by talking sequentially to distinct
effector kinases. Whereas LKB1 output
during early axon specification is commu-
nicated through SAD-A/B (Barnes et al.,
2007; Kishi et al., 2005), its later roles dur-
ing axon outgrowth and branching are
mediated by NUAK1 (Courchet et al.,3, June 20, 2013 ª2013 Elsevier Inc. 1425
Figure 1. Sequential Kinase Cascade Controls Axon Differentiation
(Left) Activation of LKB1-SAD-A/B phosphorylation cascade in response to extracellular cues (BDNF,
additional unknown molecules) selects a single neurite from others as the axon and regulates microtu-
bules. TGF-b also regulates axon specification but does not act through LKB1. (Middle) Upon estab-
lishment of axonal projections to the target area, the LKB1-NUAK1 phosphorylation cascade controls
terminal branching and axonal arborization through the regulation of axonal mitochondrial motility.
Extracellular signals activating this cascade (?) are currently unknown. (Right) It is unclear at present
whether LKB1 in the mammalian cortex also controls synaptogenesis or other differentiation events.2013) (Figure 1). The novel results also
raise many exciting questions.
Axonal morphology varies widely be-
tween different neuronal subpopulations,
and branches originating from a single
neuron can also exhibit distinct terminal
arborization patterns (Gibson and Ma,
2011). These observations point to the
existence of local and neuron-type-spe-
cific mechanisms involved in the regula-
tion of axon branching. This may be
achieved through interactions between
local extracellular cues and intrinsic
neuronal fate determinants. The degree
to which these parameters find a direct
translational link through the LKB1/
NUAK1 pathway will be interesting to
investigate. Previous work has shown
that extracellular application of BDNF
can influence LKB1 activity (Shelly et al.,
2007), and TGF-b signaling acts during
axon specification (Yi et al., 2010)
(Figure 1). It is therefore possible that local
extracellular cues regulate phosphoryla-
tion status and protein stability in the
pathway, in turn affecting axon branching
parameters intracellularly in a spatially
confined manner. Through such a mech-
anism, the intracellular cascade uncov-
ered here would be a key intermediary in
shaping axon arbor branching at the inter-1426 Cell 153, June 20, 2013 ª2013 Elseviersection between extracellular factors and
intrinsic fate determinants. Turning up
and down the gain could thus lead to the
elaboration of distinct axon branching
patterns, a module that may even be
extended to later developmental stages
or phases of plasticity in the adult.
The link between the LKB1/NUAK1
pathway and mitochondrial dynamics in
association with presynaptic sites reveals
cellular organelles as output effectors. An
intimate relationship between neurite
branching and organelle trafficking has
also been observed for the elaboration
of dendritic arbors in Drosophila sensory
neurons, where Golgi outposts nucleate
microtubules at dendrite branching points
and are instrumental in driving dendritic
arborization (Ori-McKenney et al., 2012).
A role for LKB1 in dendrite differentiation
has not been described to date, but
with available tools, this should now be
possible.
It is remarkable that neuronal studies on
the LKB1 pathway up to now have
focused almost exclusively on pyramidal
neurons in the cerebral cortex. This raises
the question of the generalization of the
observed phenomena. Because LKB1
and many of its effector kinases are ex-
pressed broadly, this is an important issueInc.to pursue. Lilley et al. (2013) demonstrate
that, in subtelencephalic neurons, LKB1 is
not required for axon specification. Inter-
estingly, however, SAD kinases control
central terminal axonal arborization of
subpopulations of dorsal root ganglia
sensory neurons in the ventral spinal
cord, acting as intracellular effectors in
the NT3/TrkC signaling pathway (Lilley
et al., 2013). These findings suggest that
this fascinating signaling network has a
highly versatile repertoire. And, in this
context, neuronal subpopulation identity
and interaction with extracellular cues
are essential components in dictating ac-
tion and cellular activities. No doubt, more
surprises can be expected in the years to
come.
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